ABSTRACT: Femoral version impacts the long-term functioning of the femoroacetabular joint. Accurate measurements of version are thus required for success in total hip arthroplasties and hip reconstructive surgeries. These are impossible to obtain without visualization of the distal femur, which is often unavailable preoperatively as the majority of imaging scans are isolated to the pelvis and proximal femur. We developed an automated algorithm for identifying the major landmarks of the femur. These landmarks were then used to identify proximal axes and create a statistical shape model of the proximal femur across 144 asymptomatic femora. With six proximal axes selected, and 200 parameters (distances and angles between points) from the shape model measured, the best-fitting linear correlation was found. The difference between true version and version predicted by this model was 0.00 AE 5.13˚with a maximum overestimation and underestimation of 11.80 and 15.35˚, respectively. The mean absolute difference was 4.14˚. This model and its prediction of femoral version are a substantial improvement over pre-operative 2D or intra-operative visual estimation measures. Proper orientation of the femoral head and neck is required for normal biomechanical function of the hip. Two important relationships for this orientation are femoral inclination and femoral version. Femoral inclination, or angle of inclination, is the angle formed between the femoral neck axis and the axis of the femoral shaft in the frontal plane and averages between 120˚and 125˚in the normal adult hip. and averages 14.0 AE 6.0˚in the normal population, indicating that the femoral head is normally anteverted or oriented anteriorly. Abnormal femoral version is common in patients with labral tears, 5 dysplasia, 6,7 femoroacetabular impingement, 7 cerebral palsy, and arthritis. It is present in 52% of patients with either symptomatic hip dysplasia or femoroacetabular impingement.
Proper orientation of the femoral head and neck is required for normal biomechanical function of the hip. Two important relationships for this orientation are femoral inclination and femoral version. Femoral inclination, or angle of inclination, is the angle formed between the femoral neck axis and the axis of the femoral shaft in the frontal plane and averages between 120˚and 125˚in the normal adult hip. 1 Femoral version is the anterior deviation of the femoral neck axis from the posterior condylar line [2] [3] [4] and averages 14.0 AE 6.0˚in the normal population, indicating that the femoral head is normally anteverted or oriented anteriorly. Abnormal femoral version is common in patients with labral tears, 5 dysplasia, 6 ,7 femoroacetabular impingement, 7 cerebral palsy, and arthritis. It is present in 52% of patients with either symptomatic hip dysplasia or femoroacetabular impingement. 8, 9 A retroverted femur orientation is also associated with less improvement after reconstructive surgery for femoroacetabular impingement. 10 In total hip arthroplasty, version of the femoral component has a narrow window of acceptability. 11 Excessive anteversion or retroversion leads to impingement between the prosthetic neck and acetabular component causing increased wear and instability. 12, 13 As such, femoral neck version must be accurately measured and corrected for long-term function of the hip joint.
Unfortunately, while acetabular version is approximated by the cross-over sign visible from a 2D radiographic view in the frontal plane, pre-operative measurement of femoral version is difficult with 2D radiography. 14, 15 When viewing axial slices with CT, the orientation of the femoral neck axis changes with respect to the slice level. 16 A 2D view does not accurately capture the 3D nature of version as the 3D femoral neck axis presents differently from both superior and inferior aspects. 1, 17 CT or MR imaging would permit more accurate measurements by creating 3D models of the femur, however manually selecting the 3D femoral neck axis is challenging. This situation is further hampered in that the scan is limited to the region around the joint to limit radiation exposure, and does not include the distal femur for representation of the posterior condylar line. 3, 18, 19 As such, alternatives to the posterior condylar line must be identified for accurate estimation of version. New axes have been proposed, such as the posterior lesser trochanter line, 18, 19 and the midcortical line. 3 However, correlation of such alternate measures to true anteversion is low. 19 Intraoperatively, measurement of femoral version is often made but has been found to have a large degree of inaccuracy. Current intraoperative measurements are variable and are different depending on the type of surgical approach used. The posterior, lateral, and tableless anterior approaches involve the surgeon estimating the angle between the neck axis and the long axis of the tibia (which is parallel to distal femoral epicondylar plane with the knee flexed 90 degrees). For the anterior approach performed on a special table, the surgeon estimates version between the femoral neck axis and the long axis of the foot, estimated by the first ray of the foot. Accurate version estimation is difficult even for experienced surgeons: Recent studies demonstrated to the difference between true and predicted version from surgical estimation to be 1.5 AE 11.3˚, 20 and the maximum over-and underestimation to be 30 and 25˚, respectively. 21 In addition, component version in total hip arthroplasty has a very limited capacity for adjustment after implantation, due to the bony constraints of the proximal medullary canal. 22 As the femoral condyles cannot be seen intraoperatively and are not often included in cross sectional imaging data of the hip, a technique that utilized only proximal femoral landmarks to assess femoral version would be superior.
The objectives of this study were threefold: (1) to develop an automated system for 3-dimensional analysis and morphologic measurement of the femur; (2) to use this system to determine if femoral version can be accurately predicted from proximal femur landmarks accessible intra-operatively; and (3) to estimate femoral version as accurately as possible using statistical shape modeling of the proximal femur.
METHODS
We have developed a feature recognition algorithm to automatically identify multiple femoral landmarks from 3D rendered femora. Six potential axes for calculating version, all based on landmarks visible during hip surgery, as previously analyzed, 23 were automatically identified. Further, the algorithm was used to create a statistical shape model of the proximal femur from a series of landmark points. Distances and angles contained between sets of points in the statistical shape model as well as the angles between the six potential axes and the femoral neck axis were considered in establishing a mathematical relationship for predicting true version from these measures.
Feature Recognition 3D models of 164 full length femurs (82 patients, mean age 58 AE 14 yrs; 55:27 male:female) were created from CT scans segmented in Mimics (Materialise, Leuven Belgium) as described previously. 24 Each scan was performed for nonorthopaedic purposes (CT angiography of the aorta and lower extremity). Automatic feature extraction was performed in Matlab (MathWorks, Natick, MA) on the resulting stereolithography (.stl) files containing the vertices and faces for each bone. As the orientation of the femur may differ between CT scans, the process of feature recognition began with bringing each femur into a reproducible orientation via principal component analysis. This orientation is comparable to the ISB recommended femur coordinate system, though it differs in that the resulting sagittal plane is susceptible to changes due to femoral version. 25 From here the following major landmarks of the femur were identified: Femoral head, femoral neck, greater and lesser trochanters, linea aspera, posterior condylar line, and femoral shaft. The femoral head search began with a seed point located at the most medial and proximal point of the femur. Spheres were iteratively fit to the neighboring points until a sphere containing the entire femoral head was found. The femoral neck axis was identified as the line fit to the centroids of ellipses fit to cross sections of the femoral neck. 17, [26] [27] [28] The ellipse fitting ceased in the medial and lateral directions when the major axis of the current cross section exceeded 130% of the minimum identified diameter. This value was chosen to stop the search before it incorporated the femoral head, and correlates well to visual estimations of the neck. Any overlap between the identified head and neck is removed from the head, and the sphere defining the head refined.
The femoral shaft was identified by iteratively fitting circles in the transverse plane, starting at the midsection of femur. The shaft search was cut off proximally when the radius of the current section exceeded 120% of the midsection radius, and was cut off distally when the radius of the current section exceeded 160% of the midsection radius. This defined the shaft as the region distal to the lesser trochanter and proximal to the adductor tubercle. The lesser trochanter was identified as the region of greatest curvature in the medial femur above the identified shaft. With the vertices and faces identified as belonging to the head, neck, shaft, and lesser trochanter removed, the greater trochanter was identified as the unassigned region superior and lateral to the lesser trochanter. 23 The posterior condylar line was defined as the line connecting the posterior-most points of the medial and lateral condyles, 29, 30 from which true version was measured between this line and the neck axis. The linea aspera was obtained by analyzing the curvature of a transverse slice of the identified shaft region (Fig. 1 ). Then the curvature of adjacent transverse slices was analyzed, keeping the region of high curvature closest to those previously identified. This process continued until no region of high curvature near the previously selected point was Figure 1 . Linea aspera identification: (a) starting points of linea aspera search, resulting curves isolated to region in red; (b) combined results of the eight different searches, each search examined transverse slices created iteratively more proximal and distal from the start location, identifying regions of high curvature near the previous slice; (c) resulting lateral lip of linea aspera defined as the median of the eight previous curves. Only the proximal portions of the linea aspera were used for calculations.
found. This entire search process was repeated eight times, initiated at different points along the long axis of the femur, with the linea aspera calculated as the median of the eight resulting curves. The results of the feature recognition algorithm may be seen in Figure 2 .
Six Proximal Axes
Following the initial goal of a predictor of femoral version using only landmarks visualized intraoperatively, six proximal axes were assessed (Fig. 3) : lesser trochanter axis (LTA), intertrochanteric axis (ITA), maximum diameter axis (MDA), 23 maximum diameter greater trochanter axis (MDAGT), 23 posterior calcar axis (PCA), greater trochanter calcar axis (GTC). The maximum diameter axis has been defined previously as the axis connecting the two most distant points in a section of the femoral shaft in the transverse plane two centimeters above the lesser trochanter. The maximum diameter greater trochanter axis differs from the MDA axis in that the lateral-most point used is the centroid of the greater trochanter projected onto the cut plane. The greater trochanter calcar axis was defined as the axis connecting the most medial point at the base of the cut plane to the midpoint of the greater trochanter. The midpoint was identified as the area between the anterior and posterior surfaces of the greater trochanter, evaluated 2 cm below the superior-most point of the greater trochanter. The posterior calcar line was defined as the line fit to the linear portion of the calcar region after the femoral neck has been resected. The intertrochanteric axis was defined as the line connecting the midpoint of the greater trochanter (used in the GTC axis definition) to the apex of the lesser trochanter. The lesser trochanter axis was defined as the sum of two unit vectors fit to the anterior and posterior surfaces of the lesser trochanter (Fig. 3) .
Statistical Shape Model
In addition to the six proximal axes, we created a statistical shape model of the proximal femur using 13 consistently identifiable points (Fig. 4) across 144 of the 164 femurs: (1-4) 4 points 90˚offset from one another 2 cm below the lesser trochanter, with the first point centered on the lateral lip of the linea aspera; (5) apex of the lesser trochanter; (6) lateralmost edge of the greater trochanter, directly superior to the iliotibial tract, defined mathematically as the region on the lateral greater trochanter with the highest curvature; (7) superior-most aspect of gluteus minimus insertion, defined as the most superior point on the greater trochanter; (8) proximal peak of the greater trochanter; (9) posterior-most aspect of quadrate tubercle, defined as the posterior-most point of the greater trochanter; (10) anterior-most aspect of intertrochanteric line, defined as the anterior-most point of the greater trochanter; (11) femoral neck centroid; (12) femoral head center; and (13) trochanteric fossa, defined as the region of greatest curvature between the identified femoral neck and the peak of the greater trochanter. This model uses some of the same points as the previously created 14-point statistical shape model. 31 They were defined as regions of greatest curvature or the further extent along a specific anatomic axis. These points were normalized to a mean shape model created through generalized Procrustes analysis (Fig. 5) . 32 Procrustes analysis attempts to match two shapes to one another via translation, rotation, and scaling. Generalized Procrustes analysis continues this concept to create a mean shape to which other shapes can be matched. From the 13 points and six proximal femur axes, 200 different measurements were extracted: The 3D angles between sets of 3 points, the 2D angles between sets of 3 points, the distances between each point, the distance between each point and the respective point in the mean shape model, the 3D angle between each of the six proximal axes and the femoral neck axis, and the 2D angle between each of the six proximal axes and the femoral neck axis. For reference, the 3D angle refers to the magnitude of the angle between two vectors in space, while the 2D angle refers to the projection of this angle onto the transverse plane.
Statistical Analysis
Each of the 200 measured parameters measured was considered individually as a predictor for true version. The six 2D proximal angles were selected initially as they are visible intraoperatively. For each pair of these angles (a total 15 pairs), a linear regression model was computed with true version as the outcome and the two angles and their interaction as predictors; then the fitted value from this model was entered into a Bland Altman analysis and the limit of agreement (LOA) recorded. In addition, a linear model that included all six angles as main effects was considered as a predictor. Subsequently, linear models of the others parameters were considered. Any parameter with MSE (mean squared error) >7˚was eliminated, as these parameters gave no discernable relationship between predicted and true version. Linear models were then created from permutations of the remaining parameters using 50-fold cross-validation with the goal to achieve a deviation of less than 11˚, the variation found in the intra-operative measurement approach. 20, 21 This linear model was then applied to 20 additional femurs not used in the creation of the statistical shape model.
RESULTS
To characterize the hips included in this study, inclination, alpha angle, and presence of osteoarthritis [33] [34] [35] [36] were measured in addition to version. The median version angle, often referred to as femoral torsion, was 15.5˚(range À20.1-52.3˚, IQR 9.1-21.9˚). Literature indicates IQR version ranges from 7.4 to 20.4˚. 1 The median femoral neck angle, also referred to as inclination, was 129.4˚(range 1 This version and inclination data indicate the subjects included in this study reflect measures comparable with the population at large as presented in a study of over 1,000 individuals. 1 The median alpha angle was 44.4 (range 35.3-79.5˚, IQR 41.1-47.7˚). Normal alpha angles are considered to be less than 55˚. 33 The measures of alpha angle in our study population indicate that 9.8% of the subjects were at risk for cam-type femoroacetabular impingement. The joints were evaluated by our collaborating orthopaedic surgeon for hip arthritis according to the Kellgren-Lawrence (K-L) scoring system which ranges from 0 (none) to 4 (severe). [34] [35] [36] Of the 164 hips, 1 had a score of 4, 3 had a score of 3, 5 had a score of 2, 25 had a score of 1, and 128 had a score of 0. The remaining two hips (same subject) could not be graded due to lower CT resolution limiting clarity of the joint space.
The LOA for the original six individual proximal 2D angles ranged from 19.1 to 16.2˚, and for pairs of these angles from 18.7 to 14.9˚; for the predictor formed from all six proximal 2D angles the LOA was 15.5˚. The minimum was achieved by the MDAGT and GTC 2D angles together with their interaction. As these predictions did not yield the desired prediction accuracy, all 200 measured parameters were considered as potential surrogates. Only 45 of these resulted in an MSE <7˚, and linear combinations of parameters were considered. The best was a 14-point model using the following parameters (in which x-y-z refers to the angle between points x, y, and z with point y as the vertex): 1) 2D angle between MDAGT and the neck axis; 2) 2D angle 8-7-11; 3) 3D angle 6-8-11; 4) 2D angle between ITA and neck axis; 5) 3D angle 8-7-10; 6) 3D angle 10-7-11; 7) 3D angle 8-7-11; 8) distance between points 2 and 3; 9) distance between points 8 and 9; 10) 3D angle 8-9-11; 11) 2D angle 5-10-7; 12) 2D angle 7-8-11; 13) 2D angle 5-10-6; and 14) 2D angle 9-11-8. The estimated version predicted by this model was compared to true version using BlandAltman analysis. The version predicted by the 14-parameter linear model (15.68 AE 8.25˚) had an average identical to true version (15.68 AE 9.72˚) (Fig. 6) . The difference between the predictions had a mean of 0.00˚and standard deviation of 5.13˚. The mean absolute deviation of true and predicted version were 7.68˚and 6.43˚, respectively. The mean absolute difference was 4.14˚. Of the 144 observations, 95% fell within AE10.05˚difference from true version. The maximum overestimation and underestimation were 11.80˚and 15.35˚, respectively. The root-mean-square error of the linear model was 5.76˚, with an R-squared value of 0.65. The model was then used to predict version on 20 femurs not used in the creation of the statistical shape model. The difference between true and predicted version for these femurs was consistent with those found previously (mean À0.1˚, SD 4.65˚). The difference between true and predicted version between male and female subjects was À0.34 AE 4.62˚and 0.61 AE 5.92˚, respectively. No significant difference between predictions for the two was found.
DISCUSSION
The 14-parameter linear model developed in this work demonstrated a marked improvement in prediction of true femoral version over 2D approaches as well as intraoperative approximations. When the distal condyles were scanned for axial views in prior studies, 2D presentations of the neck axis resulted in version measures that differed from true version by an average of 8.6˚with a maximum over-and underestimation of 33 and 14˚. 38 In general, two-dimensional approaches suffer from insufficient reflection of the 3D orientation of the femoral neck in a 2D image. 1, 17 The linear model also showed a significant improvement over intraoperative surgical estimation, which has a difference between true and predicted 
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version from surgical estimation as 1.5 AE 11.3˚, and the maximum over-and under-estimation of 30˚and 25˚, respectively. 20, 21 With intraoperative estimation, the femoral condyles are palpated to approximate the posterior condylar line. As the femoral neck axis is visible intraoperatively, the angle between these two axes is then approximated by the surgeon.
In initially searching for a surrogate measure for true version, each parameter was first considered individually as an alternate predictor of true version by simple linear regression. As none were individually sufficiently reflective of true version, linear models with multiple parameters were considered which resulted in the 14-parameter model. Other improvements to the model were considered. While forays into nonlinear fitting have proven fruitless, artificial neural networks may improve the prediction over the simple linear model. The repeatability and generalizability of these systems must still be addressed, however, and a decision of whether the additional complexity involved in requiring a neural network code to predict version is warranted. Given the large number of parameters, it is also possible that our 14-parameter model was not the single optimum solution. While we validated our selection using MSE as a means to eliminate less promising parameters, an analysis of every possible permutation of the 200 parameters was infeasible. As the precision of intraoperative positioning with computer navigation is 4.8˚2 0 and the average difference between 2D and 3D methods is 8.6 degrees, 38 further model improvements may not result in better clinical outcomes.
There have been some attempts in estimating version using proximal landmarks. 18, 19, 39 These approaches have a superficial similarity to the six proximal axes used in our study, as they attempted to find an axis visible intraoperatively that has a fixed relationship to the posterior condylar line. Based on the variance present in these approaches, we expect that there is sufficient variation in single features such that a single measure is not enough to be used in isolation. As such, multiple features must be included simultaneously to average out the variance in any individual feature. Logically, version estimation via multiple predictors is not feasible intraoperatively, and must be performed algorithmically. Our proposed linear model addressed this issue by incorporating all of the distinct bony landmarks of the proximal femur. The statistical shape model attempted to minimize the differences between patients by normalizing size and orientation, leaving only differences caused by individual feature variation. The predictions made by this model were thus based on the aggregate of all anatomic variation possible in the proximal femur. With the proposed linear model, much more accurate predictions of femoral version can be made. This may be used to assist in the surgical planning process for total hip arthroplasties and reconstructive surgeries. Its use intraoperatively would be via a reference axis generated by the version angle provided preoperatively from the linear model to the visible neck axis.
As our linear model predicts femoral version without landmarks from the shaft or distal femur, one may question the origin of femoral version. The angle between the femoral neck and posterior condylar line is influenced by neck orientation, torsion of the shaft, as well as condylar twist. 40 Thus, two identical proximal femora could exist with substantially different version angles. As this does not seem to be the case in our study femurs, there may be contributions from the shaft and distal femur present within the proximal femur itself. Of course, contributions to femoral version from shaft torsion and condylar twist may have added to the variability in the resulting measures of this study.
There is a degree of error affecting the choice of parameters for our linear model. The linea aspera search was hampered in patients where the third trochanter (one category of bony growths on the posterior surface of the proximal femur superior to the lesser trochanter) 41 was present (Fig. 5) . Similar error is present in other parameters due to bone spurs and osteophytes. This degree of variation led to the rejection of the angles and distances associated with these points. It is possible that the model could be improved by making the feature detection algorithm capable of identifying random bone spurs and other irregularities. Additionally, each of our landmark identifications made use of 3D definitions, as it is expected that they will be more accurately representative of the anatomy than the standard radiograph-based 2D definitions. 42, 43 Morphologic measures of our study population indicate that the subjects well represented characteristics of the population at large which is important for applicability of the linear model. The hips were largely non-arthritic indicating further study is warranted on severely diseased joints.
This work indicates that femoral version may be accurately determined preoperatively with or without the distal femur. Furthermore, this process has been automated for analysis of the femur without human intervention. The relative orientation between femur and acetabular, or the combined version as the sum of the femoral and acetabular versions 20, 21 is influential in normal hip function. While an understanding of femoral version is required for reconstructive surgery and accurate placement of the femoral stem in a total hip arthroplasty, knowledge of combined version is also useful surgically. There exists only a small range of acceptable values for the combined version: Between 30˚and 60˚were reported to minimize the risk for impingement and maximize functional range of motion. 44, 45 The risk for dislocation has also been reported to be 6.9 times higher if the combined anteversion does not lie within 40˚and 60˚. 46 As such, accurate measurements of both femoral and acetabular version are crucial for the long term success of total hip arthroplasties, femoroacetabular impinge-ment surgery, and maintenance of normal joint function. Previous work has been completed in developing an automated calculation of acetabular inclination and version. 24 Future work will combine these two algorithms to develop an automated calculation of combined version for preoperative planning of hip surgery.
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